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Abstract

The influence of absorption in the shell material on the amplitudes of lines of the TE and TM
polarized whispering gallery modes (WGMs) in the emission spectrum of a microresonator
structure consisting of a spherical core covered with a luminescent shell with a refractive index
greater than that of the core was investigated. The luminescence spectra, radial field distribution and
WGM parameters were calculated using the spherical wave transfer matrix method. It is shown that,
for different shell thicknesses, the amplitudes of the peaks associated with radiation in WGMs of
different polarizations (TE and TM) depend differently on the absorption coefficient: the amplitude
of the TE mode radiation peak can be many times greater or many times less than the amplitude of
the TM mode radiation peak.

Keywords: Spherical Microresonator; High-Refractive Index Luminescent Shell; Whispering
Gallery Modes; Emission Line Amplitude; Absorption

Introduction

Spherical optical microresonators (MRs) with whispering gallery modes (WGM:s) have attracted
much attention in various fields of optics [1-4]. Their unique optical properties are due to whispering
gallery modes - eigenmodes of the electromagnetic field of a spherical resonator that have a large
angular momentum. WGMs have a high-quality factor, small effective volume and high energy
density. WGM-based MRs can be used to detect the refractive index of the environment, chemicals,
biological substances, pressure, temperature, to create microlasers with a low generation threshold,
in optical communication and information processing systems, in quantum and nonlinear optics
[5-9].

Small diameter MRs are attracting great interest due to their potential use as biological detectors
for insertion into cells, body tissues, vessels, etc. Reducing the diameter of the MR and increasing
the refractive index of the MR material allows for increasing the sensitivity of the sensor [10]. The
use of luminescent MRs as sensors allows for remote excitation and detection of an optical signal
through the photoluminescence (PL) spectra of the MRs. This avoids the difficulties associated with
high-precision coupling of MR with waveguides, prisms, etc., which is difficult to achieve within a
biological environment. Light-emitting MRs can be obtained by depositing a shell of luminescent
material on a spherical transparent core. In the emission spectrum of the MR in WGMs there are
two superimposed combs of narrow peaks, one of which corresponds to the emission in WGM
with TE polarization, and the other to the emission in WGM with TM polarization. Each pair of
adjacent peaks corresponds to radiation in WGMs with the same polar (/) and radial (q) mode
numbers, but with different TE and TM polarizations. In an experiment, the task of interpreting
and analyzing the obtained spectra often arises. From the PL spectrum, the wavelengths, quality
factors, and amplitudes of the peaks corresponding to the radiation in the WGM are determined.
Typically, the amplitude of the TE-polarized peak is larger (often approximately 1.5-2 times) than
the amplitude of the TM-polarized peak with the same mode numbers. The amplitude of the peaks
can be affected by many factors, including absorption in the shell material.

The aim of this work is a study of the influence of absorption in the shell material on the
amplitudes of emission peaks in WGM:s with different polarizations in the luminescence spectra of
a microresonator structure consisting of a spherical optically transparent core of small diameter (3.5
pm) covered with an absorbing luminescent shell with a refractive index greater than the refractive
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index of the core.

Method
Spectra

for Calculating Luminescence

WGMs are described by spherical waves, which are characterized
by three numbers: the polar mode number [ (I = I), the azimuthal
mode number m (m = [ or m close to [), the radial mode number ¢
(g = 1) and two polarizations (TE and TM). With TE polarization, the
electric field vector is parallel to the MR surface; with TM polarization,
the electric field vector is almost perpendicular to the MR surface.
Further, WGMs will be designated as TE? or TM1,, where TE and TM
are WGM polarizations, g and / are the corresponding mode numbers.
The emission spectra of the shell, the radial field distribution and
the WGM parameters (wavelength, quality factor) were calculated
using the expansion of the electromagnetic wave field in the basis of
vector spherical harmonics and the method of spherical wave transfer
matrices [11]. The calculated profiles of the radial distribution of the
WGM field are normalized so that at the maximum the amplitude of
the electric field strength is equal to 1.

The Microresonator Structure Under Study

The emission spectra of a MR structure with the following
parameters were studied: core diameter 3.5 pm, refractive index of
the core n = 1.46, refractive index of the radiating shell n, = 2.25,
shell thickness: 10, 80, 500 nm. This core refractive index corresponds
to the refractive index of amorphous SiO,. The refractive index of
the shell corresponds to the refractive index of SiC. MR structures
with such parameters (core diameter, refractive indices of the core
and shell) were obtained earlier [12, 13]. The absorption in the shell
material is determined by the imaginary part of the permittivity of the
shell material Ime._.

The emission spectrum of the luminescent shell consists of pairs
of narrow peaks corresponding to the emission in WGMs with the
same mode numbers [ and g = 1, but with different polarizations
TE and TM [11]. For the analysis, the TE',, and TM',, modes with
amplitudes A and A |, and quality factors Q™ and Q™, respectively,
were used. Structures with a shell thickness of 10, 80 and 500 nm are
considered, which correspond to cases where the optical thickness of
the shell is much smaller, comparable or greater than the wavelengths
of these modes. The dependence of the amplitudes of the TE',, and
TM!',, peaks on the imaginary part of the permittivity of the shell
material was studied.

Results and Discussion

The probability of spontaneous emission (and according to
the electrodynamic reciprocity principle, the probability of photon
absorption) in a WGM inside a spherical microresonator T,
compared to the case of emission (absorption) in free space T,..
increases due to the Purcell effect by a factor of:
ra 30u(#n) [aEcy | @

Tiee  47°Ver la :
where Q,.is the radiative quality factor of the mode, Veﬁis the effective
volume of the mode, A is the wavelength of the mode in vacuum,
n is the refractive index of the substance inside the resonator, d is
the transition dipole moment, E(re) is the electric field of the mode,
which is normalized so that at the maximum it is equal to 1, r is
the position of the emitting (absorbing) dipole inside the resonator
[14]. Thus, inside the resonator, the probability of absorption of a
photon at the frequency of the resonant mode, compared to the case

of free space, increases proportionally to Q , and the square of the
electric field strength of the mode at the location of the dipole. Since
the probability of photon absorption is directly proportional to Q_ .,
modes with larger Q_, are much more sensitive to absorption in the
material in which the WGM propagates than modes with smaller Q_,.

The total quality factor of WGMs (Q, ) in real MRs is contributed
by many mechanisms, such as radiation escape through the MR
boundary (radiative losses, Q ), absorption in the resonator material,
scattering by surface irregularities, etc. In our calculation we will only
take into account the losses associated with radiation escape and
absorption in the shell. The total quality factor will be determined by
both the quality factor associated with radiative losses (Q,_ ), and the
quality factor associated with absorption in the shell material (Q,, ):
Qot = Q7 + Q7. Q, is independent of Ime. Q, is infinitely
large at zero absorption and decreases with increasing Ime_. In the
case when radiative losses are much greater than absorption losses:
QL > QL | then Q,=~Q.., Q,, is constant and does not depend
on Ime_. In the case when the absorption losses are much greater than
the radiation losses: @_.%. =» @2, then Q,~Q,. Q,, depends on Ime_
in the same way as Q  , i.e. it decreases with increasing Ime . As Ime,
increases, the absorption losses increase (Qm decreases), as a result,
ata certain threshold value of Ime, when Q , becomes approximately
equalto Q _, the total quality factor begins to decrease with increasing
Ime_. As a consequence, from this threshold value Ime_ the amplitude
of the peak in the emission spectrum begins to decrease due to the
increase in absorption losses in the shell material.

Figure 1 and Figure 2 show: the calculated distribution of the
square of the modulus of the normalized electric field strength, the
distribution of the normalized effective potential U,/ E of the TE',,
and TM',, modes along the radial coordinate, the dependence of the

amplitudes of the radiation peaks A, A of these modes and their
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Figure 1: Distributions of the squared modulus of the electric field strength
along the radial coordinate for the whispering gallery modes TE',, (red
dashed lines 1, 3, 5) and TM*,, (black lines 2, 4, 6), for three different shell
thicknesses of 10 nm (a, lines 1, 2), 500 nm (a, lines 3, 4), 80 nm (b, lines 5,
6). The vertical dotted lines indicate the boundaries of the shell with the core
and the external environment. The microresonator parameters are given in

the text of the paper.
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Figure 2: Distributions of the normalized effective potential U_./ E (a, b, c) along the radial coordinate, the dependence of the peak amplitudes (A ., A, — red
dashed and black solid lines, respectively) and the ratio of the amplitudes of these peaks (A ./ A, - blue dashed-dotted line) on the imaginary part of the permittivity
of the shell material Ime_ (d, e, f), for the whispering gallery modes TE*,, (red dashed line) and TM*,, (black solid line), for three different shell thicknesses of 10 nm
(a, d), 80 nm (b, e), 500 nm (c, f). In the figures of the effective potential (a, b, c), the vertical thin lines show the boundaries of the potential well and the potential
barrier for the TE mode (r,? and rgf — red dashed lines) and the TM mode (r,g‘H and rg‘“ — black solid lines), as well as the boundary of the shell with the
external environment (r,). The energy level in the normalized effective potential U,/ E is shown by a horizontal blue dashed-dotted line at level 1. The vertical bold
arrows (red and black for TE*,, and TM*,, modes, respectively) indicate the Ime_threshold values at which the A, _ and A, peak amplitudes begin to decrease with
increasing Ime_ (d, e, f). In f, these two vertical arrows coincide. The parameters of the microresonator are given in the text of the paper.
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ratio A, / A, on Ime_. The calculation was performed for three
values of shell thickness (10 nm, 80 nm, 500 nm) with n =2.25.

The equation for the radial dependence of the electric field of the
mode corresponds to the Schrodinger equation for one-dimensional
motion of a particle in an effective potential:

PP (S |

where n(r) is the refractive index depending on the radial
coordinate, r is the radial coordinate, ko is the wave vector in vacuum (
ko, = 2m/4), Lis the wavelength of the mode in vacuum, /is the polar
mode number, E = h:kg,/ZM = hw is the energy, M = hew/2c?
is the mass [4]. This potential depends on the wavelength of the
mode and is therefore different for the TE',, and TM',, modes. It is
formed by the centrifugal potential (the term I1(I+ 1)A*/r?(2m)*
) and the refractive index, which depends on the radial coordinate
(the term [1 — n(r)?]). The effective potential has the form of a
classical potential well, in which the photon moves between turning
points r_ and r, (Figure 2 a, b, ¢). Thus, WGMs are characterized
by the fact that they are located in a potential well formed by the
centrifugal potential from the core and experiencing a potential
jump at the boundary with the external environment. The exit from
this potential well is closed by a triangular-shaped potential barrier,
which is located in the region r, < r < r,. The probability of tunneling
through this barrier determines the radiative quality factor of the
mode. Since the effective potential depends on the square of the
mode wavelength, the width and height of this potential barrier differ
for TE',, and TM',, modes. The radiative quality factor for TE',, and
TM',, modes is for a thickness of 10 nm: Q7Z, = 24653, Q7% = 15969

rad rad

; for a thickness of 80 nm: QT%, = 8.5704 - 10%, Q7™ = 617710; for a

rad rad

thickness of 500 nm: Q7%, = 2.3351-10%3, @7}, = 1.6524- 10", A shell
with a refractive index greater than the refractive index of the core
creates an additional potential well formed by jumps in the refractive
index at the boundaries of the shell (a dip in the graph of the effective

potential, Figure 2, a, b, ¢).

For the TE',, mode, the radial field distribution graphs represent
a continuous curve with one broad maximum (Figure 1). For the
TM',, mode, the graphs show two jumps at the shell boundaries,
which arise due to the boundary conditions for the radial component
of the electric field at the interface between two media with different
permittivities (Figure 1). The selected shell thicknesses correspond to
three different cases of radial distribution of the field of the studied
modes in the shell: when almost the entire WGM field is in the core
(10 nm, Figure la), when a significant part of the WGM field is in
both the core and the shell (80 nm, Figure 1b), when almost the entire
WGM field is in the shell (500 nm, Figure 1a).

For all three thicknesses, there is a region of small values of Ime_
(Figure 2, d, e, f), in which the amplitudes of both peaks are almost
constant - this corresponds to the case when the absorption losses are
much less than the radiation losses (@5, <« @), the total quality
factor is determined by Q_, and is approximately equal to it. Then,
with an increase in Ime,, starting from a certain threshold value of
Ime (at which Q, = Q,_, it is approximately indicated by vertical
arrows in Figure 2, d, e, f), absorption losses become equal and then
much greater than radiation losses (@as: > @raz), and the total
quality factor is determined by Q , . Starting from this threshold value,
the amplitudes of A, A, begin to decrease with increasing Ime,_ -
approximately linearly on a double logarithmic scale. In the case of
a thick shell, they decrease synchronously and in parallel (Figure 2,
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/£, the threshold values for TE',, and TM',, are very close). In the case
of a thin shell (Fig. 2, d) and intermediate thickness (Figure 2, ), the
threshold values differ significantly: first, the amplitude of the TE',,
mode begins to decrease (since it has a larger Q ), and then, with
a larger value of Ime, the amplitude of the TMI32 mode. Moreover,
the difference between the threshold values Ime_for TE',, and TM',,
for a thickness of 80 nm is much greater than for a thickness of 10
nm (Figure 2, d, e). Accordingly, as Ime_ increases, the A, / A,
amplitude ratio begins to decrease. For a thick shell, it decreases by
only a factor of 2 (Figure 2, f); for a very thin shell, it decreases by a
factor of 32 (Figure 2, d); and for intermediate thicknesses, it decreases
by several orders of magnitude (Figure 2, ). Thus, depending on the
thickness of the shell and the absorption coefficient, the amplitude
of the TE mode radiation peak can be many times greater or many
times less than the amplitude of the TM mode radiation peak. This
different behavior is due to the different distribution of the WGM
field relative to the shell in which absorption occurs and the different
radiative quality factors of TE',, and TM',, modes (since both factors
contribute to the probability of absorption of a photon in the WGM:
Q,,, and the magnitude of the electric field strength of the WGM at
the point where the absorber is located - formula (1)). As a result,
the threshold values of Ime_ at which the peak amplitude begins to
decrease with increasing absorption differ for TE',, and TM',, modes.

At a thickness of 500 nm, the radiative quality factors of both
modes are close (@75, /@I, = 1.4 ) and in the shell region the electric
field profiles of the TE', and TM',, modes differ insignificantly (Figure
1, a, lines 3, 4). This results in approximately the same magnitude of
absorption losses for both TE',, and TM',, modes, and, accordingly,
an almost identical threshold value of Ime, an almost synchronous
decrease in peak amplitudes, and, as a consequence, a relatively small
decrease in A, / A, with increasing Ime .

At a thickness of 10 nm, the radiative quality factors of both
modes are close (7%, /@I, = 1.5 ) but in the shell region the electric
field strength of the TM',, mode is many times less than the electric
field strength of the TE',) mode (due to the jumps in the refractive
index at the boundary for the TM',, mode there is a sharp dip in the
mode field profile, Figure 1, a, lines 1, 2). This causes lower losses due
to absorption for the TM',, mode compared to the TE', mode, and as
a consequence, a different threshold value of Ime_ (a difference of ~8
times) and an asynchronous decrease in amplitudes with an increase
in Ime_. The latter results in a greater reduction in A, / A, with
increasing Ime .

At a thickness of 80 nm, the radiative quality factor of the TEI32
mode is 3 orders of magnitude greater than the radiative quality
factor of the TM',, mode (Q[%;/QI}; = 1387). As in the case of a
thickness of 10 nm, in the shell region the electric field strength of
the TE',, mode is several times greater than the electric field strength
of the TM',, mode (due to jumps in the refractive index at the shell
boundary, Figure 1, b). Both of these factors result in a much higher
probability of photon absorption and much higher absorption losses
for the TE132 mode compared to the TM132 mode. As a result, the
threshold values of Ime_for TE',, and TM',, differ very significantly
(by a factor of ~4760) and this leads to a very significant decrease
in A, / A, with increasing Ime_. Accordingly, depending on the
absorption value in the shell material, it is possible to obtain radiation
predominantly in the TE or TM polarized WGMs.

The significantly different radiative quality factors of TE',, and
TM',, ata shell thickness of 80 nm are due to the different mechanisms

of confinement of these modes at this thickness. At thicknesses of 10
and 500 nm (Figure 2, a, ¢), both modes are limited by the centrifugal
potential in the core (for 10 nm) or shell (for 500 nm), and by the
potential jump at the interface with the external medium. Thus,
both modes propagate as whispering gallery modes in the core (for
10 nm) or shell (for 500 nm). This is also true for the TM',, mode
at a thickness of 80 nm (Figure 2, b). However, at a thickness of 80
nm, the TE',, mode is limited on both sides by potential jumps at the
outer and inner boundaries of the shell (Figure 2, b). Consequently,
it propagates as a waveguide mode within the shell. This leads to a
large difference in wavelength between TE',, and TM',, modes.
Moreover, for the TE',, mode (compared to the TM',, mode) there is
a significantly higher and wider potential barrier (Figure 2, b), caused
by the greater centrifugal potential due to the longer wavelength of
the mode (formula (2)). This results in much lower radiative losses
associated with tunneling through this barrier, which leads to a
higher (by 3 orders of magnitude) radiative quality factor for TE',
mode compared to TM',, mode. And this ultimately leads to a much
larger range of change in the ratio of the amplitudes of the peaks of
these modes: A, / A, with increasing Ime..

Knowing the ratio of the amplitudes A, / A, from the
experimental spectrum and using the calculated dependences of
A/ A, onIme,onecanin turn determine the value of the imaginary
part of the permittivity in the shell material. This is possible provided
that the remaining parameters of the structure (core diameter, shell
thickness, refractive indices of the core and shell) are precisely known,
that the WGMs are correctly identified in the PL spectrum (their
mode numbers [, g are determined), and that all other broadening
mechanisms except for radiation and absorption in the shell material
can be neglected.

Conclusion

The paper considers the influence of absorption on the
luminescence spectra in whispering gallery modes for core-shell
microresonators. The microresonator structure consists of a spherical
optically transparent dielectric core of small diameter (3.5 um)
surrounded by an absorbing luminescent shell with a refractive index
greater than that of the core. The dependence of the ratio of peak
amplitudes (A, / A,,,) corresponding to radiation in the TE',, and
TM',, WGMs on the value of the absorption in the shell material was
investigated.

It is shown that when the optical thickness of the shell is much
smaller than the wavelength of the modes (the WGM field is localized
predominantlyinthecore),the A /A ratiodecreases monotonically
with an increase in the imaginary part of the permittivity of the shell
material, and the amplitude of the TE peak can be either several times
greater or several times smaller than the amplitude of the TM peak.

When the optical thickness of the shell is greater than the
wavelengths of the modes, the WGM field is localized almost entirely
in the shell. In this case, the amplitudes of the peaks differ slightly,
and their ratio (A, / A ,,) changes from 1.5 to 0.76 with an increase
in the imaginary part of the permittivity of the shell material.

At some intermediate shell thicknesses (80 nm), when the optical
thickness of the shell is several times smaller than the wavelength of
the modes under consideration, the field of both modes is localized
both in the shell region and in the core. In this case, the amplitude
of the TE mode peaks can be several orders of magnitude greater or
less than the amplitude of the TM mode peak with the same mode

WebLog Open Access Publications

wjmse.2026.93102


http://www.weblogoa.com

Alexander A. Dukin

WebLog Journal of Materials Science and Engineering

numbers, depending on the imaginary part of the permittivity of the
shell material.
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